A novel zinc finger protein (HZF1) gene was identified and characterized by screening a human bone marrow cDNA library, using a new expression sequence tag probe that contains sequences encoding zinc finger motifs. There are at least three transcripts that may result from different splicing of the pre-mRNA, but the differences among them are only involved in 5 0 non-translation region of HZF1 mRNA. HZF1 gene contains four exons and three introns. The putative protein consists of 670 amino-acid residues including 15 typical C2H2 and 2 C2RH zinc finger motifs. This structure characterization of HZF1 and the nuclear location of the protein suggest that HZF1 may function as a transcription factor. HZF1 mRNA expression was detected in ubiquitous tissues and various hematopoietic cell lines. Increased HZF1 mRNA expression was observed following erythroid differentiation of K562 cells induced by hemin or megakaryocytic differentiation of K562 cells induced by phorbol myristate acetate (PMA). Both of the antisense method and RNA interference assay revealed that repression of the intrinsic expression of HZF1 blocked the hemin-induced erythroid differentiation and reduced the PMA-induced megakaryocytic differentiation of K562 cells, which suggested that HZF1 play important roles in erythroid and megakaryocytic differentiation.
Introduction
Transcription factors that bind to specific cis-acting DNA sequences of genes and subsequently modulate gene transcription are critical to the control of gene expression. A significant number of transcription factors contain evolutionarily conserved zinc finger motifs. 1 The classical C2H2 zinc finger motif, which employs two cysteine and two histidine residues to coordinate a single zinc ion, is a maim type of the zinc finger proteins. 2 Many of the identified C2H2 zinc finger proteins have been demonstrated to be transcription factors that play important roles in differentiation and development of cells and tissues in higher organisms. [3] [4] [5] Hematopoiesis is a lifelong process responsible for replenishing hematopoietic progenitor cells and mature blood cells from a pool of pluripotent, long-term reconstituting stem cells. 6 Commitment of stem cells to specific hematopoietic lineages and further differentiation and development mature of the committed cells are controlled at least partially through the combinatorial action of lineage-restricted and more widely expressed transcription factors. 7 Some transcription factors containing C2H2 zinc finger motif, such as GATA family, 3, 7, 8 FOG 3 and EKLF, 3, 9 have been found to play important roles in differentiation and development of blood cells.
K562, an erythroleukemia cell line, can be differentiated into erythroid cells by treatment with hemin 10 and into megakaryocytic cells by treatment with phorbol myristate acetate (PMA), 11 and thus K562 cells have been used as representative models for the studies of erythroid or megakaryocytic differentiation.
In this study, we obtained a cDNA encoding a novel C2H2 zinc finger protein (HZF1) by screening a human bone marrow cDNA library, using one EST derived from hemin-induced K562 cells as the probe. The further function study approved that HZF1 is closely related to the erythroid differentiation and megakaryocytic differentiation of K562 cells.
Materials and methods

Cell cultures and induction
K562, HEL, HL60, U937, Jurkat, 3D5, CMK and NIH3T3 cells were cultured in RPMI 1640 medium (Gibco-BRL) containing 10% fetal calf serum at 371C and 5% CO 2 . Cell number was counted by hemocytometer and viability was assessed by Trypan Blue staining. In some experiments, K562 cells were induced to erythroid differentiation with 40 mmol/l hemin and to megakaryocyte differentiation with 5 ng/ml PMA for desired hours.
Assessment of erythroid and megakaryocytic differentiation
The erythroid differentiation of K562 cells was assessed by benzidine cytochemical test 12 and the benzidine-positive cells stand for more matured erythroid cells. Sometimes g-globin mRNA was detected by reverse transcriptase-polymerase chain reaction (RT-PCR) method and the mRNA level served as an indicator of undifferentiated and more matured erythroid cells. The megakaryocyte differentiation of K562 cells was assessed by ploidy analysis 13 and the ploidy classes were determined following flow cytometric analysis. Standard May-Grü nwaldGiemsa staining was used for cell morphology.
RNA preparation and Northern blot analysis
Total RNAs were prepared using Trizol (Invitrogen, Carlsbad, CA, USA) according to the manufacture's instructions. Northern blot analysis was performed as described previously.
14 A 0.8 kb of DNA fragment derived from the 5 0 part of HZF1 coding region was used as probe to detect HZF1 mRNA. Meanwhile, a human b-actin cDNA was used as probe to detect equal RNA loadings.
Isolation of new expression sequence tags and cDNA library screening
The RNAs derived from hemin-induced K562 cells were reversely transcripted into cDNAs using Oligo (dT) 15 as primer. The cDNAs were subjected to polymerase chain reaction (PCR) amplification with a set of degenerated primers designed on the basis of the amino-acid homology of zinc finger motif as described previously. 15 One of the new ESTs was used as a probe to screen the SuperScript Human Bone Marrow Cell cDNA Library (Life Technologies) according to the manufacturer's instructions.
Plasmid constructions
Recombination plasmid that expresses antisense fragment of HZF1 mRNA was constructed by inserting an 800 bp Hind IIISmaI fragment of human HZF1 cDNA into the Hind III-EcoRV site of pcDNA3.1. vector, and designated as pcDNA3.1-antiHZF1. The fragment encoding the complete HZF1-coding sequence was subcloned into the eukaryotic expression vector pEGFP-N1 at the BamHI and SalI site, generating construct pEGFP-N1-HZF1. Recombination plasmid that expresses HZF1 mRNA-specific short interfering RNA (siRNA) was constructed according to the protocol that has been described. 16 A fragment (AATGTCGACCTTCACAAGGAAGACATTCACCTCTGAATGTC TTCCTTGTGAAGTTTTTCTAGAATA) was digested with SalI/ XbaI and then inserted into pAVu6 vector, generating construct pAVu6HZF1i.
Cell transfections
Transfections of K562 cells with different plasmid DNA were performed by a liposome-mediated method using Lipofectamine 2000 (Invitrogen) according to the manufacturer's instructions. At 48 h after transfection, the cells were analyzed or transferred into medium with G418 (500 mg/ml) for selecting stable transfectants.
Detection of individual RNA by reverse transcriptasepolymerase chain reaction 
Expression of HZF1-His5 fusion protein and preparation of polyclonal antibody
The XhoI-EcoRV fragment of HZF1 cDNAs was cloned into the pET30a ( þ ) vector and designated as pET30a ( þ ) HZF1. The fusion protein was expressed in Escherichia coli BL21 and purified on Ni-NTA His-Bind Resins (Merck Biosciences) according to the manufacturer's instructions. The protein was used to immunize rabbits and obtain the antiserum.
Localization of HZF1-GFP fusion protein in transfected NIH3T3 cells NIH3T3 cells were transfected with the construct pEGFP-N1-HZF1 using Lipofectaminet 2000. Subcellular localization of the fusion protein was checked by fluorescence microscope Nikon ECLIPSE TE2000-U 24 h after transfection.
Western blot
HZF1 protein expression in K562 transfectants transfected with different constructs were determined by Western blot immunoassay with anti-HZF1 antibody using the Western blot kit (Amersham Pharmacia Biotech, Buckinghamshire, UK) according to the manufacturer's instructions. 100mg of total proteins were resolved on a 10% sodium dodecyl sulfate-poly acrylamide gel electrophoresis (SDS-PAGE) gel and the proteins were transferred to polyvinylidene difluoride membranes (Amersham, Life Sciences International) using Bio-Rad's Transblot for 4 h at 0.4 amp at 41C. When finished, the membrane was immersed in the blocking buffer (phosphate-buffered saline (PBS) containing 3% Bovine serum albumin (Fraction V) and 0.05% Tween 20) and blocked overnight. Then, the membrane was incubated with anti HZF1 antibody diluted in blocking buffer for 60 min at room temperature. After incubating with goat-anti-rabbit antibody diluted in the blocking buffer for 45 min at room temperature, chemiluminescence reaction was performed using ECL Western Blotting Analysis System (Amersham, Life Sciences International), and then the membranes were exposed to ECL hyper film (Amersham, Life Sciences International) for 5 s-15 min.
Results
Isolation and sequence analysis of HZF1 cDNA
By PCR amplification of cDNA derived from hemin-induced K562 cells with a set of degenerated primers, 26 novel ESTs (GenBank databases under accession No. BE240813-BE240828) were obtained. Using the 516 bp EST D25 as probe, a cDNA encoding a novel zinc finger protein (designed as HZF1) was isolated from the SuperScript Human Bone Marrow Cell cDNA Library. The cDNA sequence was submitted in GenBank databases under accession No. AF244088.1.
After our submission on 9 March 2000, cDNA sequences of the same gene were registered by others (GenBank accession No. AL834451.1, No. BC010996.2, No. AK127625.1 and NM_006958.2). The main differences among these sequences are the lengths at 5' non-translation region of the mRNA. When compared with our cDNA sequence (AF244088.1), an additional 92 bp sequence is in the cDNA sequences AK127625.1 and NM_006958.2. In order to confirm if there are different transcripts of HZF1 gene, we performed PCR amplification using cDNAs derived from hemin-induced K562 cells as the template and the sequences in the first exon of the HZF1 cDNA and in the last exon as the primers. Two amplification bands, a 635 bp and a 721 bp, were obtained. Sequence analyses demonstrated that the 635 bp band included the 92 bp sequence besides the common sections of the cDNAs, whereas the 721 bp band included an additional 86 bp sequence between the 92 bp sequence and the common sections of the cDNAs. Based on these, we deduced the sequence of the longest transcript with 2632 nt and submitted it to GenBank databases under accession No. DQ117529 (see Supplementary Information).
A genomic DNA sequence located in chromosome 8q24.1 has been registered in GenBank (AP005976.21). BLASTN analysis by comparison of this sequence with HZF1 cDNA sequence (DQ117529) reveals that HZF1 gene has four exons and three introns ( Figure 1a) .
Our results suggest that there are at least three transcripts that may result from different splicing of pre-mRNA of HZF1 gene. One contains four exons as described in DQ117529, the second contains only exons 1, 3 and 4 as in AK127625.1 and NM_006958.2, and the third contains only exons 3 and 4 as in AF244088.1, AL834451.1 and BC010996.2.
By DNAMAN software analysis and NetStart program analysis, we identified a 2013 nt of full reading frame encoding 670 amino acids (Figure 1b) . All sequences encoding amino acids are included in the exons 3 and 4 of HZF1 mRNA. The amino-acid sequence of the C-terminal consists of 17 uninterrupted zinc fingers, including 15 typical C2H2 and 2 atypical C2RH zinc finger motifs and there are TGEKPYE repeats between any two zinc fingers (Figure 1b) . At the same time, we identified an acidic region at amino acids 49-109 in which acidic residues (glutamic and aspartic acid) are accumulated (Figure 1b) .
Location in NIH3T3 cells for HZF1 protein
To examine the cell location of HZF1 protein, NIH3T3 cells were transfected with recombination plasmid pEGFP-N1-HZF1 that was constructed by inserting the complete HZF1-coding sequence into pEGFP-N1 vector. As shown in Figure 2 , the expressed fusion protein was mainly located in cell nucleus.
Expression profile of HZF1 mRNA
A 0.8 kb of DNA fragment derived from the 5 0 part of coding region of HZF1 cDNA was used as probe to detect HZF1 mRNA expression. This probe does not include the DNA sequences encoding the conserved zinc finger motifs for getting specific detection of HZF1 mRNA. The Northern blots membranes (MTNt Clontech) that carry polyA þ RNA from different tissues were hybridized with the 32 P-labeled probe. A hybridization band of about 2500 nt was detected in all tissues. The HZF1 mRNA was expressed highly in brain, heart, skeletal muscle, kidney, liver, placenta and fetal liver, moderately in spleen, small intestine and bone marrow, and slightly in colon, thymus, lung, and peripheral blood leukocyte (Figure 3a) .
To assess the HZF1 mRNA expression in established hematopoietic cell lines, Northern blotting was performed using RNA derived from human cell lines. A more intense hybridization band was detected in CMK cells (the megakaryocytic line) and 3D5 cells (the B-cell phenotype), a band with moderate density in HEL cells (the erythroid line) and Jurkat cells (the T-cell phenotype), a weak band in K562 cells (the erythroid line) and U937 cells (the monocytic line), and a barely detectable band in HL60 cells (the myeloid line) (Figure 3b) .
To test whether HZF1 expression changes on induction of erythroid differentiation, K562 cells were induced by hemin and HZF1 mRNA expression was assessed by Northern blot hybridization. As shown in Figure 3c , induction of erythroid differentiation of K562 cells by hemin upregulated HZF1 mRNA expression.
To test whether HZF1 expression changes on induction of megakaryocytic differentiation, K562 cells were induced by PMA. As shown in Figure 3d , induction of megakaryocytic differentiation of K562 cells by PMA also upregulated HZF1 mRNA expression.
Antisense-HZF1 RNA expression inhibits the erythroid and megakaryocytic differentiation of K562 cells
To assess the role of HZF1 in the differentiation of erythroid cells, we constructed an antisense-HZF1 expression plasmid (pcDNA3.1antiHZF1) that transcripts the human antisense-HZF1 RNA driven by the CMV promoter. K562 cells were transfected with pcDNA3.1-antiHZF1 and four stable K562 transfectant cell pools (termed K562pcDNA3.1antiHZF1 p1-p4) were collected. Meanwhile K562 cells were transfected with pcDNA3.1 as control and three stable transfectant pools were collected (termed K562pcDNA3.1 p1-p3). By RT-PCR assays, the expression of antisense-HZF1 RNA was confirmed in all four K562pcDNA3.1antiHZF1 transfectant pools (Figure 4a) .
Before hemin induction, no significant changes in the percentage of benzidine positive cells were detected in K562pcDNA3.1 antiHZF1 transfectants compared with K562pcDNA3.1 transfectants (data not shown). All transfectants were cultured in the medium containing 40 mM hemin and cytochemical test was performed after 12, 24, 36, 48, 60 and 72 h culture. As shown in Figure 4b , significantly low percentages of benzidine positive cells were detected in K562pcDNA3.1antiHZF1 transfectants compared with K562pcDNA3.1 transfectants. These results suggested that the K562pcDNA3.1 transfectants could normally undergo erythroid differentiation, following hemin induction; New zinc finger protein HZF1 and its function H Peng et al whereas the erythroid differentiation of K562pcDNA3.1anti-HZF1 transfectants, in which the endogenous expression of HZF1 was inhibited, was blocked.
The inhibition of erythroid differentiation of K562pcDNA3.1 antiHZF1 transfectants was also confirmed by semi-quantity RT-PCR analysis of transcript of the g-globin gene, an erythroid lineage marker. 17 The transfectants were induced by hemin for 48 h and RNA was prepared from the cells. Total RNA (2 mg) from each pools were subjected to RT-PCR using primers specifically designed for g-globin and b-actin (Figure 4c) . Significantly low ratios of g-globin mRNA to b-actin mRNA were detected in the K562pcDNA3.1antiHZF1 transfectants compared with the K562pcDNA3.1 transfectants, suggesting an inhibition of erythroid differentiation in the former while normal erythroid differentiation in the latter.
Then, we examined whether enforced expression of antisense-HZF1 in K562 cells influences the megakaryocytic differentiation. The transfectants were cultured in medium with 5 ng/ml PMA for 48 h and then PI staining analysis was performed. Ploidy analysis by flow cytometry showed that the peak corresponding to 4N is higher than that of 2N in the K562pcDNA3.1 transfectant cells after PMA induction, whereas in the K562pcDNA3.1antiHZF1 pools, the peak corresponding to 2N is higher than that of 4N (Figure 5a ). Before PMA induction, the peak corresponding to 2N is much higher than that of 4N in all the transfectants. These results suggested that the K562pcDNA3.1 transfectant cells could normally undergo megakaryocyte following PMA induction, but the differentiation of K562pcDNA3.1antiHZF1 transfectant cells was significantly reduced. This was also demonstrated by the 
New zinc finger protein HZF1 and its function
H Peng et al morphological analysis of cells using May-Grü nwald-Giemsa staining. As shown in Figure 5b , the K562pcDNA3.1 transfectant cells exhibited a marked increase in cell size and had extensive multinuclearity after PMA induction. In contrast, the K562pcDNA3.1antiHZF1 transfectant cells had only an inconsiderable change after PMA induction.
HZF1-specific short interfering RNA inhibits the erythroid and megakaryocytic differentiation of the K562 cells
We used a mammalian expression vector pAVu6 þ 27 that directs the synthesis of siRNA-like transcripts and designed the gene-specific insert such that it specifies a 19-nt sequence within the HZF1 mRNA, separated by a short spacer from the reverse complement of the same 19-nt sequence. K562 cells were transfected with the plasmid pAVu6HZF1i and with the plasmid pAVu6 as a control. The stable transfectants were selected with G418 and four transfectant pools (pAVu6HZF1i 1B4) and four control pools (pAVu6 1-4) were collected. Western blot analysis revealed that HZF1 protein was invisible in all eight pools before induction with hemin or PMA (data not shown). Then the transfectant pools were induced by hemin or PMA, respectively, and the proteins prepared from each induced transfectant pools were resolved by 10% SDS-PAGE for Western blot analysis. As shown in Figure 6 , HZF1 protein was detected at all K562pAVu6 pools but not at all pAVu6HZF1i pools when the cells were induced with either hemin or PMA. These results demonstrated the block of the endogenous HZF1 expression by RNA interference in the pAVu6HZF1i transfectant cells.
To examine the influence of siRNA-like transcript expression on the erythroid differentiation, the benzidine analysis was carried out. As shown in Figure 7a , a gradual increase of percentage of benzidine-positive cells following hemin induction was observed in the K562pAVu6 transfectants, whereas no significant increase in the K562pAVu6HZF1i transfectants. These results suggest that erythroid differentiation of the K562pAVu6HZF1i cells, in which the expression of HZF1 was knocked down by RNA interference, was blocked.
The erythroid differentiation potentiality of the transfectants was also examined by semi-quantity RT-PCR analysis of transcript of g-globin gene (Figure 7b ). The ratios of g-globin mRNA to b-actin mRNA in the hemin-induced K562pAVu6HZ-F1i transfectants were much lower than that in the hemininduced K562pAVu6 transfectants, which demonstrated inhibition of erythroid differentiation of the K562pAVu6HZF1i transfectants. Then, we examined whether RNA interference for HZF1 influences the megakaryocytic differentiation of K562 cells. Ploidy analysis by flow cytometry showed that the peak corresponding to 4N cells is much higher than that of 2N cells in the K562pAVu6 transfectants after PMA induction, whereas the peak corresponding to 2N cells is higher than that of 4N cells in the K562pAVu6HZF1i transfectants (Figure 8a) . Before PMA induction, the peak corresponding to 2N cells is much higher in both of K562pAVu6HZF1i transfectants and K562pAVu6 transfectants (Figure 8a ). These results suggested that K562pAVu6 transfectant cells experience normally megakaryocyte differentiation following PMA induction, but the megakaryocyte differentiation of K562pAVu6HZF1i transfectant cells was significantly reduced. This was also confirmed by the morphological analysis of cells using May-Grü nwald-Giemsa staining. As shown in Figure 8b , the K562pAVu6 transfectant cells showed a considerable increase in cell size and had extensive multinuclearity after PMA induction. However, the K562pAVu6HZF1i transfectant cells had only an inconsiderable change after PMA induction.
Discussion
Using one new EST with C2H2 Zinc finger motif as the probe, we screened the human bone marrow cDNA library and isolated a new cDNA of 2457 nt encoding a novel zinc finger protein (GenBank accession No. AF244088.1). This cDNA stands for a transcript including exon 3 and 4 of HZF1 gene. By PCR amplification of the cDNAs, we identified another two transcripts of HZF1 gene. One includes exons 1, 3 and 4 of the gene and the other is 2632 nt long (DQ117529) and includes all of the four exons of HZF1 gene. Although there are three transcripts that may be involved in different splicing of the pre-mRNA, the encoded peptide should be identical because exons 1 and 2 are not involved in the encoding region of HZF1 mRNA. 
New zinc finger protein HZF1 and its function H Peng et al
Northern blot analysis demonstrated HZF1 mRNA was expressed at different levels in multiple tissues and various hematopoietic cell lines.
The deduced HZF1 protein contains 15 typical C2H2 zinc finger motifs and 2 C2RH zinc finger motifs. Based on this structure characterization of HZF1 and its location in nucleus, we deduce that HZF1 may function as a DNA-binding protein to regulate gene transcription. Furthermore, the N-terminal sequence of HZF1 protein are rich in proline, alanine, glutamine, serine and threonine residues, the number of all of which is 70 in the N-terminal 198 residues that do not resemble zinc finger motif and the similar stretches are associated with a number of transcription factors. 18 At the same time, the total percentage of acidic residues (glutamic and aspartic acid) is 32% at amino acids 49-109. This frequency is reminiscent of the highly negatively charged transcription activating regions found in a number of eukaryotic transcription factors, 19 further supporting possible roles of HZF1 in gene regulation.
K562 cells can undergo erythroid differentiation by treatment with hemin 10 and megakaryocytic differentiation with PMA, 11 and therefore this cell line has been used as representative models for studying erythroid and megakaryocytic differentiation. Based on the increased expression of HZF1 mRNA following induction of K562 cells with hemin or PMA, we hypothesized HZF1 may take part in erythroid differentiation and megakaryocytic differentiation of K562 cells. This hypothesis is demonstrated by experiments. The repression of the intrinsic expression of HZF1 by expressing antisence mRNA of HZF1 blocked the erythroid differentiation of the K562 cells induced by hemin, and reduced the megakaryocytic differentiation of the cells induced by PMA, which implies that the HZF1 is essential for the differentiation of K562 cells. Inhibition of the hemin-induced erythroid differentiation and reduction of PMA-induced megakaryocytic differentiation of K562 cells by RNA interference provided further evidence that HZF1 protein plays important roles during both erythroid differentiation and megakaryocytic differentiation of K562 cells.
The HZF1 protein sequence comparisons to the Blastp database in NCBI revealed a similar overall level of homology to three zinc finger proteins (the fruit fly protein CROL, 36.5%; the mouse protein ZFP35, 57.5%; the rat protein Kid-1, 49.4%). The zinc finger protein CROL is essential for leg morphogenesis and gene regulation during Drosophila metamorphosis. [20] [21] [22] The protein ZFP35, which contains a block of 18 zinc finger domains and N-terminal region that is rich in acidic residues, is a component of the regulatory networks that are effective in promoting male germ cell development. 23, 24 The N-terminal region of HZF1 is also rich in acidic residues and according to previous studies, 19 we hypothesize that the N-terminus includes the activating domain. The rat Kid-1 protein, which is a 66-kDa protein with KRAB domains at the NH 2 terminus and two C2H2 zinc finger clusters of four and nine zinc fingers at the COOH terminus, functions as a transcriptional factor in the kidney development. [25] [26] [27] Furthermore, all of HZF1, CROL, ZFP35 and Kid-1 have the same conserved domain consisting of zinc finger motifs, which is often used in DNA recognition and also in protein-protein interactions. The similarity among the four proteins implicates that HZF1 functions in the hematopoiesis possibly through the regulation mechanisms similar to that proposed for those three proteins.
The detail mechanisms by which HZF1 regulate blood cell development need to be revealed. Additionally, the characterization of ubiquitous expression of HZF1 suggests it may function in the development of various tissues.
